In a period of 15 years (1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972), 114 infants (51 males, 63 females) with the diagnosis of ventricular septal defect and congestive heart failure underwent pulmonary artery banding at The Children's Hospital Medical Center in Boston. A second study performed in 55 of these revealed the left-to-right shunt through the ventricular septal defect to be greatly diminished in seven and completely closed in three.
S PONTANEOUS CLOSURE of ventricular septal defects (VSDs) which do not precipitate congestive heart failure (CHF) happens at an estimated rate of 20-35% during infancyl-5 These defects are thought to be small or medium sized (5-6 mm) in diameter, and are restrictive, with a left ventricular (LV) to right ventricular (RV) systolic pressure gradient, and a small left-to-right shunt. Large VSDs (diameter greater than 1.0 cm) with RV pressure near systemic level and a sizable leftto-right shunt, with accompanying CHF, close spontaneously at a rate of 5-7%. 3 6 The procedure of pulmonary artery banding (PAB) was introduced in 1952 by Muller and Damman.7 Seven cases of spontaneous closure of VSD after PAB have been recorded.>13 The present Aneurysm of ventricular septum Right ventricular systolic pressure report summarizes our experience at The Children's Hospital Medical Center in Boston with spontaneous closure or diminution of large VSDs after PAB.
Clinical Data Between 1957 and 1972 114 infants (51 males, 63 females) with the principle diagnosis of large VSD and severe CHF, confirmed at cardiac catheterization, underwent PAB at The Children's Hospital Medical Center in Boston. Preparatory to complete correction, 55 of these patients (24 males, 31 females), who had been banded 22 months to 11 years (mean 4.3) previously underwent cardiac catheterization. In seven of these children, the shunt through the VSD was greatly diminished and in three others the defect was thought to be completely closed. These ten children form the basis of the present report.
At their first hospital admission, nine of the infants were under five months of age (six of them two months old or less) and one baby was ten months old. The histories revealed normal birth weights in all except one, whose weight at birth was 2.3 kg. They were all in poor general condition, below the third percentile in weight. 847 Cardiac examination showed the ausculatory findings of a large VSD in all, and in one baby (pt. 5) , the murmur of patent ductus arteriosus also.
There was significant cardiomegaly with a cardiac index greater than 0.6 in all and increased pulmonary blood flow. Biventricular hypertrophy was demonstrated on the electrocardiogram of nine infants; one baby (pt. 4) had pure right ventricular hypertrophy. Hemodynamic studies (table 1) confirmed the diagnosis of VSD with a Qp/Qs ratio of 3/1 or more in all but two infants (pts. 3, 5). The presence of an atrial septal defect was suggested in one baby (pt. 10) by a 17% step-up at the right atrial level and was confirmed by angiocardiogram at the second catheterization. In four infants (2, 6, 7, 10) a patent ductus arteriosus was demonstrated by passage of the catheter. A mild gradient (20-31 mm Hg) between the ascending and descending aorta was demonstrated in four babies (1, 3, 5, 6) . The RV systolic pressure was at or near systemic level in eight patients; in two (4, 9) the RV pressure was half systemic level. LV end-diastolic pressure was above 5 mm Hg in seven patients. Pulmonary arteriolar resistance was 2 units/m2 or more in all but two infants (8, 9) .
Surgery
At operation, usually within days after catheterization, the main pulmonary artery was constricted by cotton tape, reducing distal pulmonary artery pressure by at least 50%. During this maneuver, pressure in the systemic artery usually increased while the systemic arterial oxygen saturation did not change. significantly. During the PAB operation the patent ductus arteriosus was divided in the four patients with this defect, and in three the coarcted segment of the aorta was resected (3, 5, 6).
Postoperative Profile
The postoperative period was uneventful. Clinical status improved, CHF disappeared, the babies rapidly gained weight and their growth rate was accelerated. Most were asymptomatic at the end of the first year and continued to thrive (table 2) .
At the time of the second catheterization, auscultation showed harsh ejection systolic murmur, loudest at the upper left sternal border, without a diastolic rumble, and a widely split second sound with a soft pulmonic component.14 The electrocardiogram showed pure RV hypertrophy in seven patients; in addition, severe RV "strain" was noted in patient 1 with severe RV hypertension. In the Circulation, Volume XLVIII, October 1973 remaining three patients (6, 9, 10) , all with RV pressure at half systemic level, RV conduction delay was the only abnormal sign present. The chest Xray showed a normal-sized heart in all but one (8) in whom the cardiothoracic index was 0.60. The C. Stuart and associates, Harvard School of Public pulmonary blood flow was normal, but the main pulmonary artery segment was prominent in all.
At catheterization (table 1) no left-to-right shunt could be demonstrated at ventricular level by oxygen saturation data in four patients ( 1, 3, 5, 6), though in one of these (1) a trivial right-to-left shunt was suggested by a systemic saturation of 92%. A small step-up in oxygen saturation was documented in five children, with a mean Qp/Qs of
The pressure in the RV at the second catheterization showed a significant increase over the prebanding level in five patients (1) (2) (3) (4) (5) ; in three of these, all with muscular defects, the postbanding pressure was actually suprasystemic (1, 2, 3) . In three other patients, postbanding pressures were below the preoperative level (7, 9, 10) ; in the remaining two (6, 8) , RV pressure remained the same as at the time of the first study.
The mean gradient across the PAB was 131 mm Hg in the three patients with the suprasystemic pressure. The mean gradient in the other patients was 47.5 mm Hg (range 93-11 mm Hg).
Among the four patients with coarctation of the aorta, the aortic gradient was abolished after surgery in two (3, 6) , increased in spite of surgery in one (5) , and remained the same in one unoperated child (1) .
The pulmonary arteriolar resistance decreased to within normal limits in all patients.
Postoperative LV cineangiogram showed no residual VSD in three patients (3, (3, 6) ; in two others (1, 2) a "tiny" VSD could be identified in the muscular part of the ventricular septum. In patients 1 and 3 excision of large muscle bundles in RV outflow portion was necessary because of severe infundibular obstruction. Patient 2 died on the second postoperative day with hypoxia and respiratory arrest. Autopsy revealed a small VSD (7 x 7 mm) on the left ventricular septal side, between the junction of smooth and trabeculated musculature. The defect branched behind the LV orifice in two dichotomous channels, emerging as two muscular VSDs (1 x 2 mm in size), one above and one below the septal band on RV side. The double-channeled VSD Circulaatinon, /'oime XLVIII, October 1973 traversed in a funnel shape the ventricular septum, from LV to the septal surface of the RV, with marked fibrous proliferation of the intraluminal endocardium.
Patient 1 had an uneventful recovery and postoperative course but died unexpectedly at home three weeks postoperative with an acute pulmonary infection. Autopsy confirmed the VSD at the junction of the proximal conal septum with the right ventricular septal surface. The defect seemed large on the LV septal surface (14 X 11 mm) and was "coning" through the ventricular septum to a "fish-mouth" slit (7 x 1 mm in size), hiding behind the anterior papillary muscle ( fig. 5 ). The endocardium of the slit showed marked endocardial thickening and fibrous proliferation.
The other two children are doing well after surgical repair and are completely asymptomatic. The six remaining patients are on the waiting list for corrective surgery.
Discussion
The purpose of PAB in infants with a large VSD is to decrease the left-to-right shunt, abolish the CHF, and prevent pulmonary vascular obstructive disease.'5 These initial, and substantial benefits have to be balanced against the disadvantages of the necessity for a second operation to close the VSD, to remove the PAB as well as to repair the main pulmonary artery.'"-IS In recent years, therefore, primary closure of VSDs in infancy has been advocated.'9 PAB proved to be beneficial in all our patients. The clinical improvement could be documented by the spurt in development, increase in exercise tolerance, as well as disappearance of CUF.
Hemodynamic studies revealed that the defect significantly diminished in size or closed completely after PAB in ten of 55 of our patients (19%). This closing rate is substantially higher than the spontaneous closing demonstrated in cases of large VSD and CHF without PAB. 6 The left-to-right shunt, the pulmonary artery pressure, and the pulmonary arteriolar resistance decreased, and, in fact, returned to normal in all.
The RV pressure measurements revealed a spectrum of values in the ten patients under discussion, with the level of RV pressure ranging from suprasystemic to a normal pressure. RV pressures were highest among the three with muscular defects and were in fact higher than were Circulation, Volume XLVIII, October 1973 Figure 5 Patient #1. Autopsy specimen. On the right ventricular septal surface a "fish-mouth" like slit (1 X 7 mm) is demonstrated as the exit of the small VSD, which was hidden behind the anterolateral papillary muscle. Severe fibroproliferative reaction of endothelium is well seen around the orifice. noted during the first catheterization. In the group of seven patients with membranous VSDs, there were two with RV pressure close to systemic level, and in the rest RV pressure either stayed the same or decreased significantly.
From the anatomic point of view, we found a variety of defects including a single large muscular VSD, multiple small muscular "Swiss cheese" defects, a mixed muscular and membranous VSD, and a group of single large VSDs in pars membranacea septi.
The mechanism of spontaneous closure was different for the muscular and the membranous defect. The muscular ones, usually funnel shaped in profile, had a large residual orifice on the LV side and a smaller "closing" orifice on the RV septal Circulation, Volume XLVIIIJ, October 1973 surface, with endocardial proliferation in the lumen and muscular hypertrophy around the exit of the VSD.
The membranous defects all closed with aneurysms protruding into the RV outflow tract from the septal surface. This type of spontaneous closure has been described previously for small VSDs without previous PAB.20 21, 22 The various explanations proposed in the literature for spontaneous closure of VSDs are presented in tables 3 and 4. Muscular defects (table 3) usually close by hypertrophy provoked by the "stress" of high velocity of flow through a restrictive type defect. In the case of membranous defects (table 4) spontaneous closure occurs mostly via endocardial structures either by aneurysm forma- tioIn of the septum itself or by appositioni of valvar structures (tricuspid, mitral, or aortic) to the defect. The mechanism of membranous aneurysm formation is not definitely known. A plausible hypothesis is that during the LV isovolumic period, in cases of equilibrated RV and LV pressures, the high speed left-to-right flow is "stressing" the fibroblasts of the endocardial layer of the membranous septum around the exit of the VSD, invoking proliferation of the endocardial cells with subsequent membrane or even pouch formation.3 .38, 3" 4 The importance of the direction of flow through the VSD is supported by our finding that while in VSD with the normally related great arteries the membranous aneurysm is on the RV septal surface, in those with transposition of the great arteries, the aneurysm is on the LV septal surface. 41 The role of PAB in the closure of these large VSDs is unknown. The increasing incidence (19%) of spontaneous closure in this group of patients when compared with the rate of closure of large VSDs without PAB (5-7%) probably indicates that ' 4' who proposed that spontaneous development of RV outflow obstruction promotes closure of large VSDs.
The main hemodynamic consequence of PAB is an input of high resistance to flow at exit of the RV, with a consequent change of high flow and high pressure left-to-right shunt to a low flow, high pressure left-to-right shunt. In such a hemodynamic situation the dp/dt of the LV during the isovolumic and early ejection period is higher than that of the RV.37 It is conceivable that such a change in LV contractility may increase the flow velocity across the septal defect to such a degree that proliferation and membranie formation of the endocardial layers ensues. 
